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feering this interpretation are analyzed and considered to bee weak. A partial phylogeny of the collembola genus 
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* amd cave species. In cach of them, the edaphic species have basal positions, followed by a cavernicolous species 


Himwever there are alsa-surtice species apically in the cladogram. The artributen of a cavernicolous conution 
tril species in a number of levels assuming a secondary reveision seems misleading. A biogeographic mudel is 


pre sent af ty 


show how a sequence of lareral vicariant events may divide an originally ambimorphic species with Kiru 


deer binon, generating cavernicolous spees and clades, with one of the descendents keeping the origina! ansbireorphy 
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wifun Caves is a geography. artibuce’ 


m of che “cave habitat” would not apply: This problem probably occurs because fii 
that cannot be taken as a character, Features said to be “troglomorphic® a 


actually not identical in different Arrhopalites cave species -some umes not even presenting primary homology- so 


prinizarian would also no indicare thar che adaptive “ 
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truglomorphic” condition weud be shared ar higher levels af chy 
wroborsting the idea thar there were different events of development of the cave life condition, Even rhe 


name “troglomorphic” would be rather inappropriate, since it would not refer to a homologous aspect of the evolution 


of those species. 
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Tntreduction 


The evolution of terrestrial cave organisms 
f rhe temperate zones of the world has been 
usually explained by cave invasions of populations 
of an ancestral edaphic epigeic species during 
glacial periods of Pleistocene climatic 
fluctuations, which would become then isolated 
and differentiate (Culver, 1982). More recently, 
Trajano (i995) observed chat Brazilian areas with 
the more diversified troglomorphic fauna are also 
those that were subject to more intense climatic 
variation along the Pleistocene. Trajano (1995) 
suggested that the Quaternary refuge model 
weuld be a good explanation for the origin of 
the troglomorphic or troglobitic diversification 
in tropical regions, as it has already been 
proposed for the temperate regions. 
The Quaternary refuge model is considered 
a special kind of vicariance (Nelson, 1979; 
Amorim, 1991). During successive glacial, 
colder and drier periods, the forested 
environments would retract to more humid, 
stable areas, with its flora and fauna becoming 


isolated from related populations living in the same 
kind of environments in other “refugia”. Hence. 
the ancestra! species with previously large 
distribution on forests would split. Ar the 
interglacial periods, the forests expand their 
distribution, promoting secondary contact 
between the previously isolated fauna and flora 
populations (Hatfer, 1969; Vanzolini & Williams, 
1970; Vanzolini, 1973; Haffer, 1982, 1993). If 
the time span were sufficicnt, formei 
fragmentation could lead to speciation. 
Allopatrid speciation is considered the fastest 
and most probable model of speciation for the 
cave fauna (Culver, 1982; Brooks & McLennan, 
1991; Christiansen, 1992; Trajano, 1995), even 
though there are important disagreements. 
Hence, isolation of populations of an ancestral 
species in different caves during the drastic 
climatic periods could be considered a sufficiently 
efficient vicariant event to generate speciation. 
However, it must be considered that there are 
some ambimorphic species that are effectively 
adapted to cave life and that do not present gene 
flow with their related epigeic relatives (Culver, 


1982; Christiansen, 1992). These associations 
between the cave species’ distribution patterns 
and modes of speciation, on one side, and 
speciation and recent paleoclimatic events, on 
the other, present a number of problems. First, 
attributing causality to cladogenetic events in the 
history of a group should be the result of a 
biogeographic analysis following a given method, 
not an a priori explanation (Croizat et al., 1974; 
Rosen, 1978; Platnick & Nelson, 1978). Second, 
part of the evidence that would support and 
correlate glaciation cycles and cave speciation 
comes from groups with biology completely 
different from that of the typical cave fauna 
(Trajano, 1995). Finally, an analysis herein 
developed of the phylogenetic and biogeographic 
pattern of cavernicolous groups produces 
information conflicting with such interpretations, 

Zeppelini (1996) presented a partial 
phylogeny of the collembolan genus Arrhopalites, 
including all known Neotropical species, as well 
as some of the Nearctic and Palearctic species 
(Fig. 1). This genus is much larger than the 
sample in the first approach to the group, with 
about 80 species from most biogeographic 
regions. Nevertheless, the results put forward 
some patterns that permit some important 
considerations about the question of the evolution 
of the cave fauna. 

An optimization of the cave habit in the 
phylogeny, following the usual methodology 
(Maddison et al., 1984; see also, Brooks & 
McLennan, 1991; Ferrarezzi & Gimenez, 1996; 
Grandcolas et al., 1997), would render two clades 
in the Arrhopalites phylogeny at the base of which 
there would be an invasion of the cave 
environment. In the group diversus* ,A. diversus 
(USA), A. microphthalmus (Europe), and A. 
coecus' (widely distributed) occupy a basal 
position, the first two being epigeic and the latter 
ambimorphic, living in epigeic and hypogeic 
environments. In the group benitus+ , the same 
occurs with A. benitus, A. pygmaeus, and A. hirtus, 
all of which are ambimorphic and have a large 
distribution (Fig. 1). 

These patterns bring about some interesting 
problems: 

(1) Ifthe minimum age of Collembola is of 
400 x 10° years —R/yniella praecursor is known 


' The group+ artifact (Amorim, 1982, 1997) is used here 
to refer unambiguously to inclusive taxa in sequenced phy- 
logenetic classifications. In a group (A + (B + (C +D))), 
for example, inclusive groups would be referred to as At, 
B+, and C', thar is “A plus its sister group”, ete. 
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Figure 1. Partial phylogeny of the collembolan genus 
Arrhopalites, modified from Zeppelini (1996). US - 
United States of America; EU - Europe; WW - World- 
wide; MX - Mexico; BR - Brazil; CN - Canada. 


from Devonian deposits- and many subgroups 
of Collembola must necessarily be Pangaeic in 
origin, why would the present diversity ot 
troglomorphic species have been formed only in 
the Quaternary, hundreds of million years after 
the origin of the group? 

(2) Would the existence of epigeic and 
ambimorphic species at the base and at the apex 
of the cladogram necessarily indicate that there 
was not an extinction of the ancestral epigeic 
species during the unfavorable phases of climate 
along the Quaternary? 

(3) Can the method ofoptimization be applied 
without any modification to the cave fauna 
features? 

It is necessary to say that the nomenclature 
used here for the conditions presented by surface 
and cave species follows (Christiansen, 1962). 


Diversity of cave species and Pleistocene 
paleoclimatic models 


The estimated age for the insect order-rank 
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taxon to which Arrhopalites belongs, the 
Collembola, and the presence of two different 
clades with basal and apical ambimorphic species 
on the cladogram of the genus seem to contradict 


an association between this pattern of 


distribution and the Quaternary refuge model 
(Christiansen, 1992; Trajano, 1995). Apparently, 
this model would consider fundamental the 
extinction of the ancestral epigeic populations 
during the glaciation maximum, so that genetic 
isolation and consequent differentiation could 
occur —even though such predictions are not 
clearly stated on the original proposition of the 
model. The biological area cladogram of the 
genus (Fig. 1), however, seems to indicate n 
different history for the group. The fact that both 
major clades of the genus present basal and apical 
epigeic or ambimorphic species seems to show 
that the populations on the surface have not 
undergone extinction during glacial phases. 


Another more general point is that some of 


the original arguments used to favor the refuge 
model interpretation were posed using 
megamamimal fossils in caves in southeastern 
Brazil ( Trajano, 1995). Apparently, the “reasons” 
for a bear or a ground sloth to invade a cave are 
definitely not comparable to those of the truly 
cavernicolous fauna. There is no theoretical 
support to state that an epigeic Collembola or 
Coleoptera species would respond to a drastic 
climatic change “entering” a cave environment. 
Also, neither does forestexpansion seem necessary 
for a species to become twoglophylic (Trajano, 
1995) nor does the retraction of the forest seem 
necessary for it to become troglobite. Old groups, 

such as the Collembola, have descendents most 
probably differenuated for cave dwelling much 
before the Pleistocene. In this way, late Tertiary 
or Quaternary climatic fluctuations would only 
act over a pre-established pattern. Christiansen 
(1992) pointed out that the time a species 
remains inside the caves is the only factor 
determining the shift from a troglophylic (or 
ambimorphic) to a troglobite (or troglomorphic) 
condition. This seems questionable, since the 
microhabitat of surface collembolans presents 
some isomorphism with cave environments. After 
the origin of a barrier isolating a cave population 
from its sister population outside the cave of an 
ambimorphic species, the process of “adaptation” 
would only continue what was already on its way. 
Maybe this may explain why it is considerably 
difficult to determine if a species should be 
classified as “troglophylic” or “troglobite” 


J. Comp. Biol, 2(2), 1997 


E 3 2 3 
A A TE : 
33 3 33 i} ; 
ae —— Oe USC 
cat steuea 3? t 
SSePtresagsges 
3 734 i i =- * 
LITER 
O08 C6888 00888600088 
@-0 
© ePizeomar phic 
CE) ambimarphic 
@ crogiomerphic 


Figure 2. “Life habitat” evolution of Arrhopalites, using 
the epigeomorphic, ambimorphic and troglomorphic 
conditions ac characters. 


(Christiansen, 1992). Considering the proportion. 
between troglobite and troglophylic species as 
an evidence of high speciation rate due to a long 
sequence of glaciation cycles seems to be poorly 


The ambimorphic species are able to live 
either inside or outside caves. This would indicate 
the existence of a certain biotic continuity between 
the epigeic and hypogeic habitats. The existence 
of such biotic continuity may be associated with 
some degree of gene flow between the cave and 
the surface populations (if they are separate at 
all) (Culver, 1982). This could potentially point 
to a parapatnid type of speciation. However, the 
low population sizes in caves and the existence 
of different selective pressures in the two 
environments make it considerably easy, with a 
relatively short interruption of the gene flow (i.¢., 
allopatry), for reproductive isolation to be 
achieved by the influence of both genetic drift 
and selection. Indeed, even the departing points 
of genetic variability in the two subpopulations 
when isolation occurs would already be different. 
The event generating isolation does not need to 
be climatic. Geologic changes in the structure of 
the cave, easily possible if we consider a longer 
span of time, may be responsible for this kind of 
vicariance event. Obviously, this discussion does 
not intend to demonstrate that there has been no 
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. A theoretical model of local origin of troglomorphic species by “peripheral” vicariance from a sequence 


of ancestral ambimorphic species with large distribution. A. Area F, with caves A-E. B-G. Sequence of vicariance 
events dividing an ancestral ambimorphic species M with large distribution in arca F, originating the recent 
troglomorphic species N, P, R, T, V. H. Resulting cladogram of the group with the correct attribution of habitat for 


the sequence of ancestral species M-W in area F 


climatic fluctuation along the late Tertiary and 
Quaternary. Rather, it aims to show that the 
model using glaciation as causal to cave 


collembola cladogenesis is fragile. 


Biogeography, cladogenesis and 
optimization on phylogenies with 
cavernicolous species 


An optimization analysis of the habicat in the 
Arrhopalites phylogeny (Fig. 1) using the normal 
method (Maddison etal., 1984) would lead toa 
hypothesis of a cavernicolous habitat in rather 
low positions in the phylogeny, returning to its 


plesiomorphic condition later in the evolution of 


the genus (Fig. 2). This reconstruction, however, 
makes a number of unlikely predictions: 

(1) ancestral species of groups with large 
distribution would be assumed to be 
cavernicolous (e g., the ancestral species of the 
clade A. coccus** and A. wallacet**); 

(2) since karstic environments are very 
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restricted from a geographical point of view, such 
ancestral species would have to be, consequently, 
in a particular cave and disperse to other caves 
to generate the present distribution pattern; and 

(3) reversions from a cave dwelling to a surface 
dwelling condition would have to be accepted. 

I try here to develop some ideas that could 
shed light to this issue. 


A vicariant model for cave biogeographic evolution 


It would be desirable to have a more complete 
picture of the Arrhopalites phylogeny to propose 
a particular reconstruction of the biogeographic 
evolution of the genus. However, the general 
structure of the present cladogram —a sequence 
of cave species or clades stemming from a 
sequence of ancestral species, with an epigeic 
species apically in the clade— will most probably 
not change with the addition of the missing 
species in the cladogram. In the absence of a 
complete phylogeny, an alternative would be to 
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Figure 4. “Optimization” of the life habitat in 
Arrhopalites, considering the most parsimonious cla- 
dogram for the genus and the biogeographic model of 
evolution of cave troglomorphic species. 


examine the question from a theoretical 
biogeographic approach. In an apparently more 
realistic biogeographic model of evolution of cave 
species, an ambimorphic species with large 
distribution could undergo a sequence of 
allopatrid events of cladogenesis, generating 
“peripheral” cavernmicolous species in local caves 
(Fig. 3). Dispersion in each of these species, in 
the sense of a species achieving a larger 
distribution, would most probably occur only 
within the very same karstic system or through 
the “superficial subterraneous media” (Juberthie 
etal., 1980). However, it seems hard to accept 
that cave species would disperse across a non- 
karstic area. Hence, from a biogeographic point 
of view, cave specializations would more probably 
occur several times along the evolution of each 
phyletic line beginning with an ambimorphic 
sequence of ancestral species with large 
distribution. This seems to be a version of the 
asymmetry of phylogenies based on vicariant 
peripheral events (Amonm, 1997), butin which 
the geographic events are “internal” to the 
distribution of the ancestral species, something 
like an “intrapatrid speciation” model of 
vicariance. 
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There are some possibilities of developing this 
model. Particularly, the epigean ancestral species 
with large distribution would undergo the same 
sequence of vicariant events as any other group 
without any cave representatives, hence 
generating a particular pattern that should be 
congruent with the general pattern for that area. 
The cave species would hang at different points 
along the cladogram of the group, according to 
the time and space of the geologic origin of the 
caves in that region. In Figure 2, this seems to 
be represented by clades A. coecus** and A. 
wallacei**, which have an apical ambimorphic 
species (respectively, A. coecus and A. hirtus) after 
a number of “lateral” origins of cavernicolous 
species or clades. 

There are Neotropical sister cave species 
rather far apart in the cladogram (¢,4., Brazil and 
Mexico), which could be a problem in this 
discussion. However, it would be predictable, 
from the point of view of the biogeographic 
model, that an ambimorphic species would exist 
or have existed "connecting" such far apart, 
isolated cave species. It is even possible that at 
least some of these surface species have already 
been described, but they are part of the set of 
species still not included in the cladogram. One 
of these species would occupy, for example, a 
position correspondent to that of A. hirtus in the 
A. clarus* clade, for example, which is a largely 
distributed surface species that “connects” the 
origin of many Nearctic cave species. The 
paleoclimatic cycles, in this context, could play a 
role of eventually extinguishing ambimorphic 
surtace species. This would produce a pattern in 
which far apart cave species would appear directly 
as sister groups in the cladogram. A 
reinterpretation of the evolution of the cave habitat 
along the phylogeny according to the 
biogeographic model would bring a different 
picture for the genus (Fig. 4). 


Troglomorphy and homology 


This interpretation would seem ata first sight 
to contradict the normal method of inferring, 
ground plan features by optimization, with 
inferences about multiple origin and/or 
reversions. In Figure 2, the evolution of the 
troglomorphic condition would have five steps, 
while in Figure 4 it would have eight. This would 
correspond to a conflict with the method. 
However, the source of problems seems to be 


125 


misplaced. Actually, the concept of troglomorphy 
seems to be in some extension inappropriate. 
“Trogomorphic” features in di 
species are not the same set of modifications. 
Indeed, the term troglomorphy is traditionally 
used to refer any kind of modification related to 
the life habitat of species living in caves. Hence, 
in many instances troglomorphism may 
correspond to different, unrelated (from a strict 
phylogenetic perspective) set of evolutionary 
novelties. In Arrhopalites, not all cave species are 
blind; also, different species present different 
modifications of the tarsal claws (ungues). This 
means rather clearly the development of these 
traits is not homologous and the ancestral species 
of clades with different cave species do not 
present the derived condition of these features. 
That is a good indication that the ancestral 
species was not cavernicolous and that the 
biogeographic interpretation seems reasonable. 
The point, hence, seems to be that, even 
though there are adaptive traits connected to the 
cave habitat, the area where a species lives in is 
not an inheritable character. Caves themselves 
are places, not features. Grandcolas et al. 
(1997:62) have already commented that 
“macroecological traits such as ‘benthic’ cannot 
be said homologous because they are defined at 
a too large scale... and thus poorly defined.” Some 
may not accept that the comparison of benthic 
condition and the cave habitat are comparable. 
However, the optimization of the “cave habitat” 
would render invalid because it is simply not 
homologous in the different species, so that the 
interpretation in Figure 2 would be incorrect. 
To accept the existence of ancestral species that 
inhabited caves and the surface in different levels 
of the evolution of Arrhopalites (Fig. 4) seems a 
more reliable interpretation, despite the 
appearance ofa larger number of steps. 


Conclusions 


This paper has a twofold purpose. First, to 
indicate that the original arguments used to 
propose that paleoclimatic fluctuation has been 
responsible for cladogenesis occurring in groups 
with cave species are misleading in different 
aspects. Second, to show that an equivocal 
attribution of “cave distribution” as a character 
would lead to invalid conclusions. A more realistic 
understanding of the evolution of these groups 
could be inferred from the development of a 
biogeographic model using the most 
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parsimonious cladogram obtained with an 
unweighted analysis as a departing point. This 
model proposes that in the evolution of each of 
these clades there would be a sequence of 
ancestral species with large distribution living at 
the surface that would suffer a sequence of 
vicariant events generating local cave species, 
whenever the caves are geologically formed. 
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